nosis of GC remains poor [Shimizu et al., 2018] . The persistent poor prognosis therefore motivated the search for further optimization strategies for GC prevention and treatment.
miR-519d-3p Inhibits Cell Proliferation and Invasion of Gastric Cancer by Downregulating B-Cell Lymphoma 6
levels. B-cell lymphoma 6 ( BCL6 ) is the target of miR519d-3p, and its ectopic expression restored the inhibitory effect of miR-519d-3p on cell proliferation and invasion in MGC803 cells. miR-519d-3p was downregulated whereas BCL6 was upregulated in human GC tissues and cell lines. Our findings can provide insight into the development of GC by altering the regulation of miRNA pathways.
Materials and Methods
Cell Culture and Transfection GES-1 (DMEM), AGS (F-12K), SCG-7901(RPMI 1640), BGC-823 (DMEM), and MGC803 cells (RPMI 1640) were cultured and propagated in the respective medium with 10% fetal bovine serum. All transfections were performed according to the manufacturer's protocol with LipofectAmine 2000 reagent.
Vector Construction
The miR-519d-3p mimics and inhibitor and the BCL6 overexpression plasmid, 3′-UTR of BCL6 and 3′-UTR-mutant of BCL6 gene expression plasmids were obtained from Invitrogen (Carlsbad, CA, USA).
RT-qPCR
Total RNA was extracted with TRIzol reagent (Sigma-Aldrich) and reversely transcribed into cDNA using random or special primers. The special primers used for reversely transcribed included were miR-519d-3p-RT, 5′-GTCGTATCCAGTGCAGGG TC-CGAGGTGCACTGGATACGACCACTCTA-3′; U6-RT, 5′-GT-C GTATCCAGT GCAGGGTCCGAGGTGCACTGGATA CGAC-AAAATATGG-3′. RT-qPCR was done with the following primers: miR-519d-3p sense, 5′-TGCGGCAAAGTGCCTCCCTTTAG-3′, miR-519d-3p antisense, 5′-CCAGTGCAGGGTCCGAG GT-3′; U6 sense, 5′-TGCGGGTGCTCGCTTCGGCAGC-3′, U6 antisense, 5′-CCAGTGCAGGGTCCGAGGT-3′. BCL6 sense, 5′-TC-CTCGGAAGATGAGATTGC-3′, BCL6 antisense, 5′-GTTGAG-CACGATGAACTTGTA-3′; β-actin sense, 5′-CTACGTC-GCCCTGGACTTCGAGC-3′; and β-actin antisense, 5′-GATG-GAGCCGCCGATCCACACGG-3′. The details of the experimental protocol of RNA extraction and RT-qPCR can be found in Wan et al. [2014] .
Western Blot Assay
Protein extractions and the experimental procedure of Western blot were performed as described in Hou et al. [2011] . Anti-BCL6, anti-cyclin B1, anti-E-cadherin, anti-MMP2, and anti-GAPDH were from Abcam (Cambridge, UK).
Luciferase Reporter Assay
The MGC803 cells were transiently transfected with miR519d-3p mimics, miR-control, ASO-miR-519d-3p, ASO-control, pLuc-BCL6-3′ UTR, and pLuc-BCL6-3′ UTR-mut in 48-well plates. The pRL-TK was included as a transfection efficiency control [Wang et al., 2016a] .
MTT, Colony Formation, and Invasion Assays
Details of the procedure of MTT, colony formation, and invasion assays can be found in Long et al. [2012] and Wan et al. [2014] .
Cell Cycle Analysis
Transfected MGC803 cells were plated in 6-well plates and incubated for 72 h in complete culture medium. Cell cycle analysis by flow cytometry was performed following the method described by Zhao et al. [2015] .
Statistical Analysis
All statistical analyses were performed with 2-tailed unpaired Student's t test to make the comparison, and p ≤ 0.05 was considered statistically significant. The graphs represent the average results of 3 experiments.
Results

miR-519d-3p Inhibits a Malignant Phenotype and Arrests G1/S Phase Transition in GC Cells
To investigate whether miR-519d-3p affects GC cell growth, we transfected MGC803 cells with miR-519d-3p mimics, ASO-miR-519d-3p, or a negative control. The efficiency of the vectors was validated by RT-qPCR prior to further analyses ( Fig. 1 A) . Thus, MTT and colony formation assays were performed in MGC803 cells. The overexpression of miR-519d-3p by transfection with miR-519d-3p mimics inhibited the proliferation of MGC803 cells, whereas decreased levels of miR-519d-3p expression displayed opposite effects ( Fig. 1 B, C) . We subsequently detected cell cycle progression by flow cytometry analysis. As shown in Figure 1 D, miR-519d-3p increased the number of cells in G1 phase but decreased the cells in S phase relative to the negative control. A Transwell assay showed that MGC803 cell invasion capacity was repressed by miR-519d-3p overexpression and facilitated by miR-519d-3p inhibition ( Fig. 1 E) . These results showed that miR-519d-3p inhibited MGC803 cell proliferation and invasion and delayed G1/S phase transition.
BCL6 Is the Target of miR-519d-3p
To determine target genes that mediate the function of miR-519d-3p in GC, we used bioinformatic analysis algorithms MIRDB, RNAhybrid, and TargetScan to predict candidate targets of miR-519d-3p. On the basis of the analysis of functions among targets, we selected BCL6 as a candidate. To validate whether BCL6 is targeted by miR519d-3p, we constructed luciferase reporter plasmids carrying the 3 ′ -UTR of a BCL6 fragment or the mutant sites of the miR-519d-3p targeting site ( Fig. 2 A) . The luciferase reporter assay showed that compared with the control group, miR-519d-3p overexpression and inhibition, respectively, decreased the BCL6 3 ′ -UTR fluorescence in-tensity of MGC803 cells. By contrast, neither miR-519d-3p overexpression nor inhibition altered the fluorescence intensity of BCL6 -3 ′ -UTR-mut ( Fig. 2 B) . We examined the regulatory role of miR-519d-3p on endogenous BCL6 in MGC803 cells. RT-qPCR and Western blot assay were conducted to detect the mRNA and protein levels of BCL6, respectively. As shown in Figure 2 C and D, the RNA and protein expression levels of BCL6 were reduced by the overexpression of miR-519d-3p. These findings indicate that miR-519d-3p targets the 3 ′ -UTR of BCL6 and negatively regulates BCL6 expression.
miR-519d-3p/BCL6 Axis Regulates a Malignant Phenotype in GC Cells
We performed a series of rescue experiments to demonstrate that the effect of miR-519d-3p on MGC803 cells was mediated by regulating BCL6. Western blot assay showed that BCL6 overexpression restored the decreased BCL6 protein levels caused by miR-519d-3p ( Fig. 3 A) . Moreover, functional rescue experiments showed that the miR-519d-3p-mediated suppression of colony formation in the MGC803 cell was counteracted by the ectopic expression of BCL6 ( Fig. 3 B) . In addition, the restoration of BCL6 expression mainly reestablished the inhibitory effect on the invasion capability caused by miR-519d-3p miR-519d-3p inhibits the malignant phenotype and arrests G1/S phase transition in GC cells. A An RT-qPCR assay was used to test the efficiency of miR-519d-3p mimics and ASO-miR-519d-3p in MGC803 cells. MTT ( B ) and colony formation assays ( C ) were performed to test the effect of miR-519d-3p on MGC803 cell proliferation. D The effect of miR-519d-3p on the cell cycle in MGC803 cells was analyzed by flow cytometry. E Transwell invasion assays were conducted in MGC803 cells transfected with miR-519d-3p mimics and ASO-miR-519d-3p, and miR control or ASO control were considered as the corresponding negative controls. * p < 0.05. ( Fig. 3 C) . As shown in Figure 3 D, compared with the negative control, BCL6 restored the increase in the number of cells in G1 phase and a decrease in the number of cells in S phase caused by miR-519d-3p. These results indicate that BCL6 is a mediator of miR-519d-3p-inhibited GC cell proliferation, cell cycle, and invasive capacity.
miR-519d-3p/BCL6 Axis Regulates Molecule Makers of Cell Cycle and Endothelial-Mesenchymal Transition
To investigate the underlying mechanism of the inhibition of cell proliferation, invasion, and cell cycle by miR519d-3p, we conducted a Western blot assay to detect certain molecular markers of the cell cycle and the endothelial-mesenchymal transition (EMT). As shown in Figure  4 , compared with the negative control, miR-519d-3p overexpression decreased the levels of cyclin B1 protein and MMP2 and increased the E-cadherin level. In addition, the restoration of BCL6 expression counteracted the reduction effect on cyclin B1, E-cadherin, and MMP2 protein levels by miR-519d-3p. Taken together, these data indicate that the miR-519d-3p/BCL6 axis inhibits cell proliferation, invasion, and cell cycle by regulating cyclin B1, E-cadherin, and MMP2 levels in GC cells. 
miR-519d-3p Level Is Inversely Correlated with BCL6 in GC Tissues and Cells and Related to the Clinicopathologic Characteristics of GC Patients
Considering that the miR-519d-3p/BCL6 axis regulates the malignant phenotype of GC cells, we aimed to analyze the expression of miR-519d-3p and BCL6 in patients with GC. RT-qPCR analysis was carried out to detect miR-519d-3p and BCL6 levels in 20 paired GC tumor tissue samples. As shown in Figure 5 A, in contrast with adjacent nontumor tissues, miR-519d-3p and BCL6 levels were downregulated and upregulated in GC tumor tissues, respectively. The association between miR-519d-3p and the clinicopathologic characteristics of GC tumor tissues was analyzed, and it was found that miR-519d-3p was associated with the clinical stage and lymph node metastasis of GC tissues. Decreased miR-519d-3p expression was associated with advanced stage and lymph node metastasis of GC compared with controls ( Fig. 5 B) . Then, we detected miR-519d-3p and BCL6 levels in several GC cell lines by RT-qPCR. Compared with gastric primary cells (GES-1), miR-519d-3p was downregulated and BCL6 was upregulated in GC cell lines, including AGS, SCG-7901, BGC-823, and MGC803 cells ( Fig. 5 C) . These results indicated that miR-519d-3p was downregulated, whereas BCL6 was upregulated in GC tissues and cell lines and correlated with a malignant phenotype in patients with GC.
Discussion
miRNAs play a vital role in regulating cellular biological processes, and their aberrant expression is related to cancer progression. In GC, the dysregulation of the expression of miRNAs, including miR-106a [Zhu et al., 17 2014], let-7a [Yang et al., 2011] , miR-107 [Wang et al., 2016b] , and miR-181b [Guo et al., 2012] , is an important regulator of biological cellular processes. Here, we first revealed that miR-519d-3p was downregulated in human GC tissues in contrast with the adjacent nontumor tissues, and depressed miR-519d expression was associated with the more advanced stage and lymph node metastasis of GC. Functional analyses showed that miR-519d-3p inhibited cell proliferation and MGC803 cell invasion. Moreover, miR-519d-3p delayed the G1/S phase transition, resulting in decreased cyclin B1 and MMP2 and increased E-cadherin levels. E-cadherin is an important molecular marker of EMT, which is a vital driver of cancer metastasis [Gomes et al., 2011; Yeung and Yang, 2017] . MMP2 can degrade a variety of extracellular matrices and plays a vital part in invasion [Xiang et al., 2011; Wang et al., 2014] . miR-519d-3p inhibits cell invasion by regulating the expression of E-cadherin and MMP2. miRNA functions by downregulating the expression of its target gene [Bartel, 2009] . We used bioinformatics assays (MIRDB, RNAhybrid, and TargetScan) to predict and identify BCL6 as a new target of miR-519d-3p. We performed a luciferase reporter assay to show that miR519d-3p negatively regulated the BCL6 3 ′ -UTR fluorescence intensity. RT-qPCR assay indicated that miR-519d-3p repressed endogenous BCL6 expression at the mRNA and protein level. In addition, an inverse relationship was observed between miR-519d-3p and BCL6 in GC tissues.
A B C * * * * Fig. 5 . miR-519d-3p level is inversely correlated with BCL6 in GC tissues and cells and related to the clinicopathologic characteristics of patients with GC. A RT-qPCR was conducted to test the relative expression level of miR-519d-3p and BCL6 in 20 paired GC tissues and adjacent nontumor tissues. U6 snRNA was used as an internal control. B Correlation between miR-519d-3p and the clinicopathologic characteristics of patients with GC. C The relative expression levels of miR-519d-3p and BCL6 were detected in GES-1, AGS, SCG-7901, BGC-823, and MGC803 cell lines by RT-qPCR. Fig. 4 . miR-519d-3p/BCL6 axis regulates the molecular markers of the cell cycle and the endothelial-mesenchymal transition. MGC803 cells were cotransfected with miR-519d-3p mimics and pcDNA3/BCL6 or the control vector. Western blot was used to assay the protein levels of cyclin B1, E-cadherin, and MMP2. Accordingly, BCL6 was targeted and downregulated by miR-519d-3p.
BCL6 belongs to the BTB-POZ family and was originally identified as a protooncogene that acts as a transcriptional factor [Ohno, 2006] . BCL6 facilitates the cell phenotype by repressing genes that control cell death, cell cycle arrest, DNA damage response, and cell differentiation in the germinal center [Shaffer et al., 2000; Phan and Dalla-Favera, 2004; Phan et al., 2005; Ranuncolo et al., 2007 Ranuncolo et al., , 2008 . Here, we demonstrated that BCL6 was upregulated in human GC tissues compared with adjacent nontumor tissues. The miR-519d-3p-mediated suppression of cell proliferation, cell cycle, and invasive capacity in MGC803 cells was counteracted by ectopic expression of BCL6. Moreover, the restoration of BCL6 expression counteracted the reduction effect on cyclin B1, E-cadherin, and MMP2 proteins by miR-519d-3p. Taken together, our results show that the miR-519d-3p/BCL6 axis inhibits cell proliferation, invasion, and cell cycle by regulating cyclin B1, E-cadherin, and MMP2 levels in GC cells.
In summary, our findings demonstrate that miR519d-3p targets the 3 ′ -UTR of BCL6 , downregulating its expression. BCL6 mediates the repression of miR-519d-3p on cell proliferation and invasive capability of GC cells. These findings may provide new ideas for understanding GC progression and may promote the development of preventive and therapeutic strategies for GC.
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